ABSTRACT Three-dimensional vector hydrophone plays an important role in underwater spatial location. In order to solve the problems of monolithic integration and linearity of previous three-dimensional vector hydrophones, a three-dimensional micro-electro-mechanical system (MEMS) vector hydrophone based on the piezoresistive effect and bio-inspired principle is proposed in this paper. Different from previous three-dimensional vector hydrophone, this three-dimensional MEMS vector hydrophone is monolithically integrated. It has the characteristics of high consistency and batch production. Acoustic pressure gradients in x-and y-directions are detected by the cilium, and acoustic pressure gradient in the z direction is detected by the supporting block and beams. Mathematical models of longitudinal stress on the surface of beams and the first three-order natural frequencies of the hydrophone are established. The simulation results prove the accuracy of the mathematical models. Specific structure parameters of hydrophone are determined and then the designed hydrophone is fabricated on a silicon-on-insulator (SOI) wafer. Finally, the sensitivities and directivities of designed hydrophone are tested. The sensitivities of X-channel and Z-channel are −187 dB and −163 dB (0 dB referring to 1 VµPa −1 ) at 400 Hz, respectively. The test results show that the hydrophone promising in spatial location.
I. INTRODUCTION
Up to now, sonar still plays an important role in underwater applications, such as target detection and tracking, hydrographic surveying, and acoustic communications, etc [1] - [3] . Passive sonar is an indispensable equipment for submarines and ships. For the attenuation of sound wave is positively correlated with frequency, passive sonar should reduce the lower limit of operating frequency as much as possible. Hydrophone is the key component of passive sonar. Hydrophones with different working principles, such as piezoelectric, piezoresistive, capacitive, and fiber optic have been developed. Their characteristics are listed in table 1. With the development of MEMS technology, the traditional mechanical hydrophone is gradually replaced by the MEMS hydrophone. PMUT (Piezo-electric Micromachined Ultrasound Transducer) and CMUT The associate editor coordinating the review of this manuscript and approving it for publication was Emrecan Demirors.
(Capacitive Micromahchined Ultrasound Transducer) are two typical kinds of MEMS hydrophones. On the one hand, the working frequency of PMUT and CMUT is over hundreds of kH or several MHz [4] - [7] . One the other hand, single chip piezoelectirc or capacitive hydrophones are generally scalar hydrophones. Compared with scalar hydrophone, vector hydrophone can measure vector information, suppressing isotropic noise and owning good directivity. Sonar system made up of vector hydrophones has longer detection distance and higher accuracy [8] , [9] . Piezo-electric, and capacitive accelerometers elastically suspended in a sphere can obtain a cooscillatory vector hydrophone achieving the measurement of three-dimensional vector information of sound field [10] , [11] . However, the hydrophone is large in size, and its detection accuracy is affected by assembly accuracy, cost is high, and its production efficiency is low. Therefore, there are some shortcomings in the application of piezoelectric hydrophone and capacitive hydrophone in sonar. Fiber optic hydrophone has many advantages, however, the back-end processing system is complex, its bulky is large, power consumption is high, and consistency is low. So it is hard to make arrays.
Piezo-resistive senesor has good DC response, simple detecting circuit, high consistency fabricated by MEMS techonlogy [25] . Though it is subjected to temperature, it can be compensated [26] , [27] . Therefore, piezo-resistive hydrophones have advantages in sonar array. Zhang and Xue et al. of North University of China proposed a MEMS vector hydrophone based on the principle of fish sensing sound waves [28] - [30] . Unfortunately, this hydrophone can only measure two-dimensional sound field vector information. It can not meet some requirements of three-dimensional measurement. In the following years, in order to meet the demand of 3D spatial orientation, we have developed several kinds of three-dimensional vetctor hydrophones. For example, Zhang et al. proposed a star-shaped threedimensional vector hydrophone by adding four cantilever beams in 2013 [31] and developed a T-structure-combined three-dimensiona vector hydrophone in 2014 [32] . These two structures have the problems of nonlinearity between output and input. In addtion, Z channel of T-structure-combined hydrophone is insulated from X and Y channels, monolithic integration of three channels is not implemented. In 2015, Guo et al. obtained a three-dimensional vector hydrophone by combining two two-dimensioanl vector hydrophones [33] . Its measurement accuracy is affected by assembly accuracy. In 2016, Wang et al. developed a fitness-wheel-shaped three-dimensional vector hydrophone by adding a disc to the cilium [34] . The fitnesswheel-shaped cilium is not suitable for mass production and its bandwidth is only 300 Hz. In summary, these kinds of three dimensional hydrophones have some shortcomings. As a result, a monolithic integrated threedimensional vector hydrophone was presented in this paper. It has the advantages of simple structure, suitable for mass production, wide bandwidth and high sensitivity.
II. THEORY AND SIMULATION
A. SENSITIVE PRINCIPLE Figure 1 reveals four kinds of three-dimensional vector hydrophones are designed previously by our research team based on bio-inspired principle. The shortcomings of these four kinds of three-dimensional vector hydrophones have been analyzed.
In order to solve the shortcomings of previous threedimensional vector hydrophones, a monolithic integrated three-dimensional vector hydrophone was designed in this work. The target of measuring three-dimensional acoustic wave was achieved by increasing the area of the supporting block. But this led to the decreasing of natural frequency. Eight beams were designed to compensate for the decreasing of natural frequency. In additon, the thickness of beams were reduced to conpensate for the decreasing in sensitivity caused by the increase of the number of beams. Figure 2 illustrates the three-dimensional vector hydrophone is designed in this work. It is composed of a cilium, a supporting block and eigtht beams. Piezo-resistors fabricated by ion implantation are distributed on the surface of beam ends. Every four specific piezo-resistors formed a Wheatstone Bridge. Hydrophone chips correspond to neuromasts of the fish lateral organ. Cilium equals the kinlcilium of neuromasts sensing sound waves. Piezo-resistors equal sense cells converting sound waves into electrical signal. When sound waves come from the in-plane direction, the cilium is the main sensitive element. Under the action of sound waves, the cilium will deflect and result in the twirling of support block rigidly connected with cilium and beams. Then the beams will deform and the resistance of piezo-resistors will change due to stress. Finally, the signal can be detected through the Wheatstone bridge. Similarly, when sound waves are from out-of-plane direction, the support block and beams would sense sound waves making the change of piezo-resistors. Figure 3 detailing electrical connection between piezoresistors of three channels and signal conditioning circuitry.
B. MATHEMATICAL MODELS
According to the structure characteristics, the eatablishment of mathematical modes can be diveded into two cases: sound waves in X/Y direction and in Z direction. The two X-direction beams on the left side and right side of Y axis are named as XLBs and XRBs, respectively. The two Y-direction beams on the left side and right side of Y axis and are abbreviated as YLBs and YRBs, respectively. When sound waves in X direction and Z direction, the deformations of beams are listed in table 2. The distance from any point on the beam surface to the connection point between the beam and the frame is expressed by x.
The process of establishing mathematical models of hydrophone is similar is similar to that in our previous work [25] . When the hydrophone is subjected to sound waves in Z direction, the longitudinal stress of XLBs at location x can be expressed as formula (2-1).
where a is the length of supporting block, w is the width of beam, l is the length of beam, t is the thickness of beam. When the hydrophone is subjected to sound waves in X direction, the longitudinal stress of XLBs and XRBs at location x, the longitudinal stress of YLBs and YRBs at locaton x are equal but opposite in sign. Therefore, only the longitudinal stress of XLBs and XRBs at location x are given by formulas (2-2) and (2-3), respectively.
where, r is the radius of cilium, H is the height of cilium, d is half of center sapcing between the two adjacent parallel beams, b is half length of supporting block, ε = 1/(1 + µ) and µ is Poisson ratio of silicon.
The determination of modal mode of hydrophone is the premise of establishing mathematical models of natural frequency. For the cilium are slender, long and rigidly connected with the supporting block, the first order and second modes of the hydrophone are a two-degree-of-freedom system. On the one hand, the cilium and supporting block rotates. On the other hand, the cilium also bends. The cilium rotates and bends around Y axis for the first mode and the cilium rotates and bends around X axis for the second mode. Therefore, the first order and second order natural frequencies are approximately equal and given by formula (2-4). The cilium and supporting block move along Z axis for the third mode. The third order natural frequency of hydrophone can be expressed as formula (2) (3) (4) (5) .
where 
E b is the Young modulus of beam, E c is the Young modulus of cilium, I c is the moment of inertia of cilium, m 1 is the mass of cilium, m 2 m 2 is the mass of supporting block, ρ 1 is the density of cilium, ρ 2 is the density of silicon. Accroding to formula (2-4), The effects of cilium, beam and supporting block size on first order natural frequency are plooted in Figure 4 . From Figure 4 we can conclude the change of first order natural frequency, as listed in table2, with the increase of height and radius of cilium, length and thickness of beam, length and thickness of supporting block. With the increase of cilium radius, first order natural frequency firstly increase and then. This is because the increasing of cilium radius results in the increase of mass and stiffness at the same time. When the radius of cilium is lower than a certain value, the first mode of cilium will rotate and bend, however, the cilium will not bend when the cilium radius is bigger than this value. It is easy to understand the decreasing of natural frequency with the increasing of cilium radius after the radius of cilium is greater than the specific value. In addition, the thickness of the supporting block has little effect on the natural frequency of the hydrophone.
In order to measure Z-direction acoustic wave, the area of supporting block is increased. However, as can be seen from formulas (2-4) and (2-5), natural frequencies of hydrophone decrease with the increase of supporting block. Therefore, eight beams were designed to increase natural frequencies of the hydrophone. Formulas (2-1), (2-2) and (2-3) shows that sensitivities of hydrophone are negatively correlated with the width (number) of beams. As a result, the thickness of beams is reduced under the condition that the fabrication is feasible. Structure pareameters of hydrophone were finally designed as shown in table 3.
C. SIMULATION RESULTS
The hydrophone designed in this paper is a kind of pressure gradient hydrophone. In order to facilitate the analysis, the sound pressure gradient is simplifed to pressure applied on one side of the hydrophone.
When 1 Pa pressure is applied on the cilium in + X-direction and -Z-diection, the longitudinal stress of beams is shown in Figure 5 . When sound wavews in X-direction, the longitudinal stress of a X-direction beam and Y-direction beam is presented in Figure 5 (a) and (b), respectively. When sound waves in Z-direction, the longitudinal stress of a beam is shown in Figure 5 (c). From the simulation resutls we can see that no matter when sound waves are in X-direction or in Z-direction, the magnitude of longitudinal stress at location x and l-x is almost the same, but the sign is oppsite. Besides, the simulation value of longitudinal stress is consistent with the theoretical value calculated by formulas (2-1) -(2-3). This proves that the mathematical models developed in this work is precise. First three modes are shown in Figure 6 (a)-(c), and natural frequncies of theory and simulation are shown in Figure 6(d) . The simulation results indicate that the first order modal cilium rotates around Y-axis, and the second order modal cilium rotates around X-axis. The third mode cilium and supporting block moves along Z-direction. From the figure we can also see that the simulation value of natural frequency is basically equal to the theoretical value. In addition, the natural frequencies of hydrophone in water is less than that in air. The vibration of microstructures in water will result in acceleration of some water particles. At this time, the natural frequencies of microstructure will be decrease. Additional mass of microstructure is the main reason for this phenomenon [26] . What's more, the reduction of the third-order natural frequencies is greater than that of the first and second-order natural frequencies. This is because the additional mass of the third mode is larger than that of the first and second modes.
When the hydrophone is subjected to sound waves in X direction and Z direction, the output voltages are shown in Figure 7 (a) and (b), respectively. From the simulation results we can see that the designed hydrophone has a very small transverse effect. Furthermore, the transverse effect of Z-direction sound waves on the output voltage of X-and Y-Wheatstone bridge is much samller than that of X-direction sound waves on the output of Z-direction. Formulas (2-1) and (2-3) can explain this phenomenon. When the hydrophone is sujected to X-direction sound waves, left X-direction beams are subjected to densile stress and right X-direction beams are subjected to compressive stress. As a result, the absolute value of piezo-resistor stress at location x on left X-direction beams is different from that at location l-x on right X-direction beam. Unfortunately, two piezo-resistors of Z-driection Wheastone bridge were distributed on these two positions. However, when the hydrophone is subjected to Z-direction sound waves, the absolute value of each piezo-resistor is the same.
In addtion, the response of hydrophone to sound wave can be divided into two stages: attenuation output and equal amplitude output. The attenuated vibration will disappear after a certain period of time due to the damping between the hydrophone and the surrounding medium. Before the end of attenuated vibration, the hydrophone is in a transient process, which is called transient response.
After the attenuation oscillation, the hydrophone is in a steady state process, which is called steady state response. 
III. FABRICATION
The fabrication flow of hydrophone is shown in Figure 8 . Hydrophone was fabricated with a n-type SOI (siliconon-insulator) wafer. Its thickness of device layer, handle layer and buried oxide layer are 15µm, 380µm and 0.5µm, respectively.
The resistivity and crystal orientation of device layer are 3 · cm − 5 · cm and <100>, respectively.
Step 1: The oxidation process is carried out and then oxide layer of active region (rectangular area where the supporting block and beams are located) was etched. At the same time, alignment marks were also obtained in this process, as shown in Figure 8 (a).
Step 2: The second oxidation process is conducted. The thickness of oxide layer is only about 20nm. It acts as an punching layer for ion implantion reducing the lattice damage caused by high energy impurity ions bombarding silicon atoms, as shown in Figure 8 (b).
Step 3: Two ion implantions were performed. Piezo-resistors were got by the first ion implantion and the ohmic contact region is heavily doped by the second ion implanttion. Generally, in order to repair the damaged lattice, high temperature annealing after ion implantion would be taken, as shown in Figure 8 (c).
Step 4: Twice oxide etching were exexuted. For the first time, the oxide layer in the active region of handle layer was etcthed for the first time, and the oxide layer of the device layer was etched for the second time to form ohmic contact windows, as shown in Figure 8 (d).
Step 5: Metal was deposited on the surface of device layer and patterned, as shown in Figure 8 (e).
Step 6: The silicon oxide and silicon of device layer outside supporting block, beams and frame were etched releasing beams, as shown in Figure 8 (f ).
Step 7: The silicon of handle layer outside supporting block and frame was etched, as shown in Figure 8 (g).
Step 8: The silicon oxide of buried oxide layer outside supporting block and frame was etched, as shown in Figure 8 (h).
Step 9: The cilium was 3D printed and adhered to the hydrophone chip, as shown in Figure 2 . 
IV. EXPERIMENTS
The sensitivities of hydrophone was measured by comparison in a standing wave bucket, the testing schematic as shown in Figure 9 . The standing wave bucket is filled with silicon oil. The sound source is placed at the bottom of standing wave bucket. The standard hydrophone and tested hydrophone are above the sound source at a certain distance below the oil level. Signals from signal generator are amplified by power amplifier and then transmitted to acoustic generator producing sound waves. The signals generated by standard hydrophone and tested hydrophone are amplified and displayed on the oscilloscope. The sensitivities of tested hydrophone can be calculated by formula .
where d is the distance between the tested hydrophone to the level of oil, d 0 is the distance between the standard hydrophone to the level of oil, V x is the output voltage of tested hydrophone, V 0 V 0 is the output of standard hydrophone, M 0 is the sensitivity of standard hydrophone, k is wave number. Figure 10 shows the fabricated three-dimensional vector hydrophone. The configuration of sensitivity testing is shown in Figure 11 . Figure 11(a) is the standing wave bucket developed by Harbin Engineering University. Figure 11 (b) and 4.3(c) are the fixed scheme for measuring the X/Y directional sensitivity and Z directional sensitivity of hydrophone. Figure 11(d) is the control box of the hydrophone test system. Figure 11 (e) is other devices used in this test. The electronic source is E3631A of KEYSIGHT. The signal generator is 33521A of Agilent. The power amplifier is YE5873A of SINOCERA. The oscilloscope is DPO 2024 of Tektronix. The version and sensitivity of standard hydrophone is RS-100 and -170dB, respectively.
During the test, the standard hydrophone and the tested hydrophone were placed at the same liquid level through a mechanical device meaning d = d 0 Before testing, rotate the hydrophone to find the position where the maximum output voltage of the hydrophone is. In the experiment, the output of the signal generator is a sinusoidal signal with an amplitude of 1V. The frequency of signal varies from 20 Hz to 2000 Hz according to the law of one third octave [35] . The output voltages of scalar channel, vector X/Y channel and vector Z channel are shown in Figure 12 (a). Figure 12(b) indicates the resonance frequency of the vector X/Y channel is 1250 Hz, while that of vector Z channel is 1600 Hz. The testing results are consistent with the simulation results. Generally, in order to ensure the measurement accuracy, the highest frequency of input signal haromonic should be less than 1/3 -1/2 of the natural frequency of the sensor. Therefore, linear results of measurement data below 400 Hz in X/Y channel and below 500 Hz in Z channel are shown with red solid line and blue solid line in Figure 12 , respectively. The maximum relative errors between the measured and fitted values of X-channel and Z-channel are 1.65% and 2.11%, respectively.
The directivity testing of the designed hydrophone was also completed in the standing wave bucket. The hydrophone was rotated 360 degrees every 5 degrees when the directivity of X and Y channel were tested. However, for packaging reasons, the hydrophone was rotated only 180 degrees when the directivity of Z channel was tested. Figure 13(a) and (b) shows the directivities of hydrophone at 400Hz. The testing results prove that the concave points depth reaches up to 34dB, 35dB and 33dB, respectively. Besides, the directivity cures are smooth and has a good 8-shape.
V. CONCLUSION
Sonar plays an important role in underwater applications. Hydrophone is the key part of sonar. Because vector hydrophone can suppress isotropic noise and the size of sonar made up of vector hydrophone is small, vector hydrophone is the direction of sonar development. Three-dimensional hydrophone is the foundation of realizing the spatial location of sound source. Therefore, three-dimensional vector hydrophone possesses great research significance. Compared with its counterparts, such as piezo-electric, capacitive and fiber optic hydrophones, the most prominent feature of piezoresistive hydrophones is the god DC response. So, it is more suitable for detecting low frequency sound waves. In addition, its signal processing circuit is simple. Although its performance is subject to temperature, it can be compensated by circuit.
Based on the principle of sound localization of fish lateral organs, a bio-inspired MEMS three-dimensional vector piezo-resistive hydrophone was developed in this work. It is composed of a cilium, a supporting block, eight beams and a frame. The cilium is rigidly connected with the supporting block. Piezo-resistors were fabricated on the surface of beam ends and four every four piezo-resistors at special locations formed a Wheatstone bridge. A hydrophone chip corresponds to a neuromast of the fish lateral organ. The cilium simulates the kinocilium of neuromasts sensing sound waves in X and Y direction, the supporting block sensing sound waves in Z direction. In addition, piezo-resistors imitate sense cell of neuromasts converting sound waves into electrical signal. When the cilium or supporting block is affected by sound waves, the beams will deflect and produce stress on the surface. Due to the stress, the resistance of piezo-resistors will change. Finally, the Wheatstone bridge outputs electrical signals meeting the detection of sound waves.
This kind of hydrophone has the feature of monolithic integration, simple structure, suitable for mass production.
The proposed hydrophone was designed, fabricated and tested in this work. Experiments results indicate that its bandwidth of X/Y-channel and Z-channel are 400 Hz and 500 Hz, respectively. In addition, the sensitivity of X/Y-channel and Z-channel are −187dB and −163dB at 400 Hz. This kind of hydrophone has great application prospects in sonar system. 
